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SUMMARY

Over the last decade, the adjoint method has been consolidated as one of the most versatile and successful
tools for aerodynamic design. It has become a research area on its own, spawning a large variety of
applications and a prolific literature. Yet, some relevant aspects of the method remain relatively less explored
in the literature. Such is the case with the adjoint boundary problem. In particular for Euler flows, both
fluid dynamic and adjoint equations entail complementary Riemann problems, and these yield boundary
conditions that are fully consistent with well-posedness. In the literature, this approach has been pursued
solely in terms of Riemann variables. This work formulates the adjoint boundary problem so as to correspond
precisely to that imposed on the flow, as it is given in terms of primitive variables. Test results have shown
to be in agreement with the traditional approach for external flow problems. Copyright © 2012 John Wiley
& Sons, Ltd.
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1. INTRODUCTION

The problem of inverse aerodynamic design was first considered by Lighthill, in 1945, and the
investigation was limited to airfoils in incompressible potential flows [1]. The interest in the topic
has grown ever since, following closely on the progresses in computational resources and numerical
methods for flow simulation. Over the years, a variety of methods have been proposed to tackle the
problems of aerodynamic optimization and inverse design.

The adjoint method has played a prominent role in that context, for a number of reasons. Among
them, one could cite the great flexibility it offers with regard to the flow-physics model and to the
definition of objective functionals. Originally proposed by Pirronneau [2—4] for elliptic problems,
it was later extended to transonic flows by Jameson [1]. Since then, it has become the subject of
extensive research activity [S—14] and spawned a wide variety of applications, ranging from nuclear
reactor thermo-hydraulics to atmospheric sciences [15, 16]. In aerodynamics, the developments of
the adjoint method encompass design applications regarding internal and external flows [17-22]
and, more recently, unsteady flows [23-26].

To put matters into perspective, objective functionals of general interest in aerodynamics depend
on flow variables and on the shape and location of the boundaries [27, 28]. These, in turn, are
controlled by a set of design parameters. For all practical purposes, the set is assumed to be finite.
Under these circumstances, a natural means of estimating the sensitivity of that functional to changes
in flow geometry would be to perturb each design parameter individually and then to compute the
sensitivity gradient by finite differences.
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The procedure clearly requires a converged flow solution for each parameter variation. As the
number of design parameters increases, so does the number of solutions, and the computational
cost is bound to become prohibitive. Alternatively, by imposing the equations that govern the
flow as constraints to the optimization problem, one precludes unrealizable solutions. That, in
turn, eliminates the need for additional flow simulations. Therein lies the essence of the adjoint
method. As a result of the simplification, the method offers an extremely attractive capability,
which is to compute sensitivity gradients at a cost that is largely independent of the number of
design parameters.

The formulation of the adjoint problem has evolved into two distinct approaches: discrete and
continuous. In the former, a discrete adjoint operator is obtained on the basis of already discretized
flow governing equations. Whereas in the latter case, the adjoint equations are derived analytically
from the equations that govern the flow. Comparisons between the two approaches have also been
drawn in the literature [28-30], and they do not seem to indicate any sizable differences between
them in terms of optimization effectiveness.

On the other hand, the continuous formulation offers a clear insight into the nature of the adjoint
problem [31]. To gain access to it, Giles and Pierce [31-34] have conducted a thorough investigation
of the mathematical properties of adjoint equations in the continuous form. Of particular interest to
our purposes, in reference [31], the authors explore the hyperbolic character of the Euler and their
adjoint equations to ensure both problems are well posed. They cast them in terms of Riemann
variables, and make use of the fact that flow and adjoint characteristic velocities have opposite
signs. That gives the boundary problems a complementary character, thus paving the way to make
the adjoint equations well posed.

Yet, there is one aspect of the procedure that deserves further consideration: the results have been
entirely derived in terms of Riemann variables. Although that does suit the main purpose of proving
the flow and adjoint boundary problems are complementary, it does not correspond directly to the
way boundary conditions are usually specified, for that is most often carried out in terms of primitive
variables instead. To obtain these from the original expressions, it would require the corresponding
Riemann variables to be integrated, and that cannot be carried out in closed form for all cases of
interest [35].

This work proposes a means of circumventing the difficulty. It makes use of the fact that the
boundary problems are complementary and of Riemann equations as well. But it combines them
with the idea that the bilinear concomitant the adjoint problem entails is an inner product between
physical variations and adjoint variables [15]. The product is computed over the domain boundary,
where any physical variation is governed by flow boundary conditions.

In essence, boundary conditions determine which physical variations are realizable. Then, the
need to drive the bilinear concomitant to zero is seen as an orthogonality condition. That is, the
adjoint variables define a vector in state space, which must be orthogonal to any realizable variation
of the flow physics. The rationale is analogous to that behind the principle of virtual work, in that
the adjoint vector plays the part of a generalized constraint force, which should be normal to any
acceptable virtual displacement of the system. The approach is shown to be fully consistent with
the requirements for well-posedness of the adjoint equation, as they are determined by the Riemann
problem [36-38].

A comparison between this approach and that by Giles and Pierce [31] is drawn in the following
section in terms of the resultant equations. It shows that although the former yields a bit more
complex algebraic expressions, it does share with the latter in the linearity of the adjoint boundary
conditions, as it is expected to. Test results validate the proposed approach in applications of inverse
aerodynamic design.

2. THE VARIATIONAL PROBLEM

As was mentioned earlier, the objective functionals of interest in aerodynamics depend on the flow
variables and on the geometry of the boundaries. In principle, these functionals could either be
volume integrals over the flow domain or surface integrals over a boundary such as the body surface,
for instance. The latter case is of special relevance to us, for it includes a variety of aerodynamic
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measures of merit, ranging from force coefficients to inverse design. A fairly general representation
of these functionals would be

h=[ﬂWdS (1)

By

where By, stands for the body surface, a function of space coordinates that is fully specified by a
finite set of parameters B, = S(&/;a*). The quantity g(V) represents a scalar function of the
flow variables V = (p,u’, p)T—which can naturally be put in terms of the conservative variables
Q= (p, pu’,e)T as well.

A relevant problem would be to find out a surface geometry that leads to a minimum of /, under
given flow conditions. In the framework of the adjoint method, it implies evaluating the sensitivity
of I, to changes in the control parameters ay. To first order, that can be estimated by the sensitivity
gradient 37, /9ak.

Parameter variations clearly cause the body surface to change, thereby perturbing the flow field
as well, §a¥ = 85 = §Q. A convenient means of separating physical from geometric variations is
to define a spatial transformation, whereby the body surface is mapped onto a constant coordinate
plane. It also simplifies the variational problem considerably, in that the domains of integration
remain fixed in transformed space [39]. All that change in the process are the transformation
operators and the metrics of the latter.

To that end, we take the physical space to be represented by Cartesian coordinates x’’, and the
transformed space by generalized coordinates £¥—to distinguish between the two systems, all tensor
elements in Cartesian coordinates will hereafter be designated by primed indices, and unprimed
indices are reserved for generalized elements. The transformation operator and its inverse are defined
by, respectively,

i/

0e7

'S :ﬂ-—% @

ﬂ:>/8]_

The transformation Jacobian is J = det(ﬂ;/), and it is assumed to be independent of time. It is
also understood that J should not go to zero nor change its sign anywhere in D. In this context, the
first variation of the objective functional (1) is given by

ds’
) 8| —
Q ' / £01ds

ag A% dS’

81, = ds 3)

v 0Q

where dS’ and dS represent area elements in Cartesian and generalized coordinates, respectively.
Equation(3) naturally involves physical and geometric variations. The latter term in it can usually
be derived from S(£%; ay) analytically, whereas the former is hardly ever known in closed form. In
effect, it is the presence of that term in §/, that gives rise to the need for additional flow simulations.

In order to circumvent such need, one imposes the fluid mechanics equations as constraints on
the variational problem. They play the essential role of realizability conditions, which all physical
variations §Q must satisfy. In the present case, we pick the Euler equations, which are given in
Cartesian coordinates by

8 Q o af ak,
ot axk’
where Greek subscripts range from 1 to 5, indicating coordinates in state space: 1 refers to continuity,

2—-4 to linear momentum and 5 to the energy equation. The state Qo and flux fak, vectors are
defined as

=0 @)

p pu*
. . k’ o/ / A
Qu=| pu’ o o = | Uk 4 pgtk Q)
/
€ (e + p)uk
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In particular for the momentum equations, there is a relation between the superscript i” and the
subscript o: i’ = o — 1 for 2 < o < 4. The symbol e represents total energy, ¢ = p(e; +u-u/2), ¢;
denotes the specific internal energy and the g*'/" stands for the metric tensor, which is the identity
matrix in Cartesian coordinates. The set is closed by the ideal gas relation between pressure and
internal energy

p=pe(y—1) (6)

The Euler equations in transformed space are obtained by a simple application of the S
operators [40]:

904 v fa
J==+ B Pk =0 o
3 (JQa) n OFy _o
ot dgk

A tensorial identity [41] is crucial to derive their latter form, and it is also implied in the definition
of generalized flux vectors F¥,

d(JBK y
%=0 = Fy=JB\fa ®)
Generalized flux-Jacobian matrices are then defined on the basis of Equation (8)
afl y
k k k

and they lead to the following form of the generalized Euler equations

00,  Cihs 004
=P _ 1
ot J gk 0 (10

Either in this form, or as it appears in (7), the Euler equations can be imposed on the variational
problem as realizability constraints.

In the applications that are considered here, one is mostly interested in steady flow conditions.
Therefore, the steady form of (7) is imposed on (1) as a non-holonomic constraint in transformed
space. The procedure leads to an augmented functional, which is given by

ds’ dFk
I = \% ds v, —%d 11
[ |G |as+ [ v an
v g __
I, 1.

Here, the I, indicates the constraint functional, which is a volume integral over the flow domain,
D, as a whole. It is understood that the ratio between Cartesian and generalized volume elements
is given by transformation Jacobian itself, dV'/dV = J. The vector ¥, represents Lagrange
multipliers, and it is of the same dimension as the state vector Q.

The first variation of /, is already given in (3), whereas that of /. must still be computed. It
involves the variation of the constraint equation, which is given by

9 (sF&) =0 (12)
gk \me)

The generalized flux variation is obtained by combining Equations (8) and (9), and the
procedure yields

SFY = JBEAL604 +6 (JBE) £

= ,fﬂSQﬁ +8(.]ﬂlk/) fof/ (13)
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It is worth noting that the first term on the right-hand side (RHS) of (13) can be regarded as the
physical part of the flux variation, whereas the second one represents the geometric part.

The first variation of /. is a direct result of Equation (12), and it can be further simplified by
making use of Gauss’ theorem.

SIC:/\IJ azk (SFk) ay

D

1 3(JWy)
W, 8FF Fk
/ §Fkny ds — /Saj T dy

(14)

oD

where the symbol 0D indicates the whole boundary of the flow domain, which includes the body
surface (By, ), the far field (Bo) and cut planes (B.p). In effect, the surface integral in Equation (14)
defines the bilinear concomitant of the problem in its most general form. The term 7, represents a
normal unit vector that points outward from the flow domain.

Naturally, the variation of the augmented functional (11) is given by the sum of Equations (3) and
(14): 81 = 61, + 61.. On adding them up and on separating the surface integrals according to each
boundary, one obtains

ds’ 10 J\IJ
§I = SQ' dS+/ ’ ds — /5F’< (/%) "‘) V+
r (15)
+/%5F§nk ds + / WobFkny ds + /\paaank ds
Bw Boo B(_‘p Cp+

Here, the square brackets imply that the flux variations are integrated over both sides of each cut
plane B.,. Owing to the fact that the normal has opposite orientation on each side, any cut plane
yields a difference between two similar integrals, one over each side. Moreover, the fluxes should
be continuous through the cut planes to be physically realizable, and the same must hold for their
variations. Under these circumstances, one can eliminate that term from Equation (15) by simply
imposing periodic boundary conditions on the adjoint variables at the cut planes,

Wy Wel _ (16)

ept T Tlep

It requires that the W, and all of their derivatives be continuous through B..

Another condition for physical realizability implies that the normal velocity at the solid walls
should be zero, u - n = 0. That requirement constrains the flux vector normal to By,, and it should
also hold for its first variation.

0 0 0
Folfnk = pJﬁi]‘,gi/-i/nk = SFolfnk = 8pJ,8{‘,gi,j/nk +| pé (J,Bf‘/) g ny
By 0 Boy 0 0

and on assuming that wall is mapped onto a constant coordinate plane, say B,, = £2 = 0, one can
write

Wo8F Xy =0 [Vt IBina] + p [Yar+1 (JBE) n2] (17)
£2=0

where use was made of the relation « = i’ + 1, which holds for the momentum equations and
was mentioned in regard to Equation (5). It is also implied that the metric tensor coincides with the
identity matrix in the Cartesian system.
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On substituting Equations (16) and (17) for the corresponding terms in Equation (15), and on
replacing the flux variation by Equation (13), one obtains the final expression for §/

dg |dS’
SI—f{aQﬂ 'dS [ a@'+1)JB; /nz] 305 }5Qﬁd5+ [ ‘Ij(xc(fﬂSQﬁnzdS-i-
B

w oo

(a) (b)

Clow ds’
of ( oe) /
— | — 5Qsd 5
/ 7 oEk QpdV + {g ‘dS
D B

w

+ 0 [Wrs (783) ma]f a5 +
(18)

(©) (d)

’ 8 (JBE) fu (J W)
+ | WoS (JBF) £ nodS — Y
Bé D/ / ag

(e) ()

Here, it has been assumed that the far-field boundary is also mapped onto a constant coordinate
plane, B, = £2 = 1. A separation between physical and geometric variations is easily noticed in
Equation (18). The first three terms, (a), (b) and (c), belong in the former group. They give rise to
the adjoint problem, which is constructed with the specific purpose of eliminating them from the
total variation, 6/ . The remaining three integrals, (d), (¢) and (f), involve only geometric variations,
and they can be carried over into the sensitivity gradient as they are [36]. However, Jameson and
Sangho [41] have proposed a further simplification to the gradient expression. They have shown that
one can use the reduced form

dg |dS’ i .
81:/{8Q,3 as |~ Wasn Bina] 55 }5Qﬂd5+f‘1’acaﬁ (805 — 605 ) nads +
B

s (b)
_/Cf a<§gf“) (505 ~505) v+ [ wa[8(482) 11+ C2y50; | nads +

D By

ool

w

(© Ist grad. term

+p [Warsns (Jﬂ?f)nz]} ds (19)

2nd grad. term

Quite different from (18), in Equation (19), the sensitivity gradient amounts to just two integrals
over the body surface By,. The gradient integrals over D and B, from the former equation have been
removed, but an additional variation term, SQ;, has appeared in their stead. It refers to variations
in the state variables that are owed to mesh movement §&¥ alone, at a fixed boundary configuration
[41]. Despite their particular cause, &%, they are of the same nature as the original §Q g, in that
they must also satisfy the Euler equations. For simplicity, the symbol 553 will be used to denote
the difference: 8§ﬂ =80p — SQE.

3. THE ADJOINT EULER EQUATION

The goal of removing all physical variations from the expression of §/ implies that the first three
operators in Equation (19) should vanish. The conditions under which that can be accomplished
define the adjoint problem, as was mentioned previously.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2013;71:1297-1321
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For that purpose, term (c) can be regarded as an inner product between 8§ﬂ and a differential
operator, which is applied to W,. Because all physical variations must be realizable, but they are
otherwise arbitrary, it follows that the only means of eliminating the product is to require that the
term involving W, be identically zero over D as a whole. The procedure gives rise to the adjoint
equation in steady form.

It is not difficult to notice a similarity between the differential operator in term (c), Equation (19),
and the steady form of the Euler equations (10). In principle, that enables one to formulate the
adjoint problem in a way that is similar to the flow problem.

It is well known that the Euler equations hyperbolic character is what ultimately determines their
boundary problem. It also sets the conditions for their being well posed. On having the adjoint
equation share in the same character, one may extend the similarity to the adjoint boundary problem
as well. That can be accomplished by simply postulating that W, depends on time in a way that is
similar to O g. This step leads to the following adjoint partial differential equations (PDEs):

0o Chy 0 (JWp)

_ 2
TR B 20)
000  Cup 905
5t e =0 @1

which are paired with the flow governing equations (21) for comparison. It is worth noting here that
the flux Jacobian matrix is transposed in the adjoint equations (20). One may also add that, despite
their appearance, the adjoint equations are not in divergence form. For simplicity, then, one can
redefine the adjoint variable so as to take in the transformation Jacobian, ¥, = JW¥,. It lends the
adjoint equations the following form:

Wa ok Vs _
o Cha gk =0
E;—'f—(cT-v)apzo (22)

where the symbolic notation has been introduced for future convenience.

Clearly, one is only interested in the steady-state solution to Equation (22), for that solution alone
drives term (c) in Equation (19) to zero. The point in casting the adjoint PDEs in this form is that not
only do they share in the hyperbolic character of the Euler equations, but they also have the same
characteristics. Their major difference lies in the sign reversal of the adjoint characteristic veloci-
ties. Quite distinct from the Euler equations, although, the adjoint PDEs are linear, because the flux
Jacobian matrices do not depend on ¥/,

Both features, linearity and hyperbolicity, form the basis of the adjoint boundary problem.
Nonetheless, the boundary conditions should fulfill two requirements: they must rid the sensitivity
gradient (19) of physical variations and they must also be consistent with the well-posedness of the
adjoint equations (22). As will be shown next, the sign reversal of the adjoint characteristics plays a
crucial role in ensuring that the aforementioned requirements are met.

3.1. Adjoint boundary conditions

At least in part, the adjoint boundary problem was approached in Section 2 with regard to the cut
planes. The need to drive the last term in Equation (15) to zero, by itself, would only require that
¥, be continuous through the cut plane. Yet, to be consistent with the well-posedness of the adjoint
PDEs, one must impose continuity up to first order derivatives—given that the cut plane should not
coincide with any characteristic surface [42]—hence, the reason for imposing periodic boundary
conditions through Equation (16).

With respect to solid walls, Equation (17) represents a realizability constraint. The fact that the
wall is impermeable implies that the normal velocity and its variation should both be zero. When it
is introduced in the expression for 87, (18)—(19), it gives rise to an integral (a) over B,,, which is
also related to the objective functional, through the derivative dg/00g.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2013;71:1297-1321
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The need to drive that integral to zero, while accounting for the fact that §Q g is arbitrary (albeit
realizable), leads to a single wall boundary condition. It can be cast in an alternative form that suits
best our purposes by making use of the chain rule in state space [36] and by substituting v, for the
corresponding product.

ds’
ds

_0g
By dp

A contraction between the normal and the transformation operator leads to the Cartesian form of
the result.

In effect, the situation is similar to the Euler flow, where one can only impose one condition at
the wall—that is, zero normal velocity. It could be added that a single wall boundary condition is
also consistent with well-posedness, for it is widely known that only one characteristic enters the
flow domain through the wall, which implies that a single condition can be specified there. The
outgoing characteristic gives rise to the relation between the normal component of the pressure
gradient and the centripetal force term [35,36] and establishes pressure as the only dependent flow
variable to be strictly required at the wall. All the remaining variables are extrapolated from the flow
solution [35,43].

In principle, the same should hold for the adjoint variables, because they share the same char-
acteristics as the flow, except for the sign reversal. The problem with extrapolating the remaining
adjoint variables at the wall is that they have no underlying physics as the flow variables do. As a
result, a few different extrapolation schemes have been discussed in the literature, and, among them
we have picked one proposed by Reuther [40]. This scheme will be presented in detail as follows
for the 2D test cases.

Functional (b) in Equation (19) is the part of the bilinear concomitant in (14) that corresponds
to an integral over the far-field boundary Bo,. There, one recognizes in the term (C jﬁ 5@,3 n?) the
physical part of the flux variation, from Equation (13), in the normal direction to Bs,. On account-
ing for this, that integral may as well be seen as an inner product between the W, and physical
variations of the flux that crosses the far-field boundary. On pursuing a similar approach to what is
outlined previously, the idea is, first, to constrain the 8@5 to the locus of realizable variations, as
is determined by the corresponding flow boundary conditions. Then, by assigning zero value to the
inner product, one imposes on ¥/, the condition that they should be normal to all admissible virtual
displacements of the flux vector at the far-field boundary.

Wiy JBons = Yrpnynie (23)

/wacjﬂsgﬁnzdsz / VaB3AL80pmdS =0 = Y (Agﬂn,-/)a‘@ﬂ‘B —0 (24)
Boo Boo

Here, the definitions of 1/, and Equation (9) have been used to pass from the first to the second
form. Use was also made of the fact that, once it has been constrained to be realizable, the 8@5
should also be deemed arbitrary—hence, the need for the last equation. In any case, the procedure
is better illustrated with the simple example of supersonic flow [38].

At a supersonic inflow section, all flow characteristics enter the domain. It implies that all flow
variables are fixed at that boundary and, thus, their variations are identically zero, 8§ﬂ = 0. Because
the adjoint characteristics run in the opposite direction, they all leave the domain. As a result, no
boundary conditions should be imposed on the 1/, there. For well-posedness, their values should be
determined as part of the adjoint solution instead. However, the fact that 8§ﬁ is zero ensures that
the inner product (24) vanishes at that boundary. Hence, the orthogonality condition holds for any
vector Y.

The exact opposite occurs at a supersonic outflow section. There, all of the flow characteristics
leave the domain, whereas the adjoint ones enter it. For the flow, it implies that no boundary
conditions should be imposed, and the physical variations SQB are free. On the other hand, the
incoming adjoint characteristics require that all ¥, be prescribed there, for well-posedness. In
principle, the only means of ensuring that orthogonality (24) holds is to impose homogeneous
boundary conditions on the adjoint variables there, 1y, = 0. This is the only situation where
homogeneous boundary conditions are strictly required.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2013;71:1297-1321
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Boundary conditions for subsonic flow need more careful consideration, for, in that case, the
characteristics run both ways, in and out of the flow domain. Then, the admissible flux variations
at the boundaries are only partially constrained. Yet, the procedure remains the same: first, one
evaluates the realizable 8§ﬂ in each case and then finds out the orthogonal v, thereof.

As it has been appropriately discussed by Giles and Pierce [31], the sign reversal of the adjoint
characteristics plays a crucial role in ensuring that the equations are well posed. In the context of a
Riemann problem, characteristics that enter the domain convey Cauchy data from the boundaries to
the solution, whereas those that leave it feed information back from the latter to the former. Hence,
to each domain incoming characteristic there must correspond a boundary condition. Conversely,
each outgoing characteristic implies that some variation must be allowed for at the boundary.

In a sense, the state variables can be seen as degrees of freedom (DOFs) of the boundary problem.
Naturally, their number corresponds to the dimension N of the state space: N = 5 for 3D flows and
N =4 in 2D problems. In this context, each boundary condition constrains one DOF at the bound-
ary, whereas each outgoing characteristic corresponds to a DOF that is preserved. The scheme holds
for both problems, the Euler flow and its adjoint. However, in view of the sign reversal, to each DOF
that is constrained for the flow at a boundary, there corresponds one that is left for the adjoint, and
vice versa.

The contribution of this paper is to combine these ideas with a condition of orthogonality,
which comes from Equation (24). With regard to the variational problem, the boundary conditions
constrain the 36/3 to a locus of realizability in state space, where they can effectively be
deemed realizable and arbitrary. Within that locus, all virtual displacements are admissible and,
by introducing them into Equation (24), one can work out the ¥, that are normal to the locus. The
resulting adjoint vector is compatible with all admissible variations at that boundary.

As will be shown, for each DOF that is constrained in a fluid boundary condition, the inner
product (24) preserves one DOF in the corresponding adjoint boundary condition. As a result of the
symmetry, the balance between constrained and preserved DOFs agrees with the balance between
adjoint characteristics that enter or leave the domain. It implies that there will be as many adjoint
boundary conditions that satisfy (24), as there will be adjoint characteristics that run into the domain.
The number of remaining DOFs will, likewise, be the same as that of outgoing characteristics. Under
these conditions, one is able to remove the far-field integral (b) from the sensitivity gradient (19)
and also to be consistent with the well-posedness of the adjoint problem.

Before proceeding with the derivation of boundary conditions, however, it is important to note
that the adjoint equations (22) are generalized in either form. Therefore, they must hold in any coor-
dinate system and, in particular, in the Cartesian. The same applies to the periodic condition that is
imposed on cut planes (16). On the other hand, the wall (23) and far-field (24) boundary conditions
have been written for a specific system, where both boundaries are mapped onto constant coordinate
planes: By, = £2 =0 and By, = £2 = 1, respectively. However, they can also be put in Cartesian
coordinates, as those equations show.

That opens up the possibility of solving the adjoint problem in the Cartesian system and, thus, to
dispense with the coordinate transformation altogether. It all hinges upon one’s ability to compute
the metric variations §(JB7) that appear in the sensitivity gradient (19) without having to resort
to the transformation explicitly. If that is accomplished, then the transformation has fulfilled its
prime objective, which was to simplify the derivation, and can be discarded. As it turns out,
in 2D applications, one can indeed evaluate those terms at the contour B, without actually
computing the transformation. The procedure will be discussed at length in Section 5.3 after the
boundary conditions.

4. 2D EULER FLOW, ADJOINT EQUATIONS AND BOUNDARY CONDITIONS

In view of what was discussed earlier, the adjoint problem will be entirely constructed and solved
in Cartesian coordinates. For 2D cases, the Greek subscripts range from 1 to 4, where 1 refers
to continuity, 2 and 3 to linear momentum and 4 to energy, whereas the Latin indices refer to

the two dimensions in physical space—for simplicity, we designate them as xV=x, x¥ = y.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2013;71:1297-1321
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The corresponding flux Jacobian matrices are denoted by A" = A and A? = B, respectively.
Under these circumstances, the adjoint equations become

Ve Vg Vs

g Py T TPy (25)

For simplicity, the flux Jacobian vector [35] AZ o 18 also assigned a symbolic notation, Ag « =
A" = (AT,B7).

It is widely known that the flux Jacobian matrices have complete eigensystems and that they can
be diagonalized upon their being associated with a given direction [35,43]. The normal direction
to a boundary is of particular interest, in that regard, for the characteristics associated with it are
responsible for all the exchange of information across that boundary. For a general treatment of
such boundaries, we pick an arbitrary direction, as defined by the unit vector k = (ky, ky)T, and the
corresponding Jacobian matrix is given by the dot product

~ A" k= —k AT —k,BT (26)

where the minus sign and the transposition, which appear in Equation (25), have been retained for
future convenience. The similarity transformation that diagonalizes the resulting matrix yields

—A=—pT (KT -k) @’

— (ks + kyv) 0 0 0
_ 0 —(kxu + kyv) 0 0 27
- 0 0 —(kxu +kyv +c) 0
0 0 0 —(kxu +kyv—c)

which are obviously the same eigenvalues of the Euler equations but for the sign reversal. Also
associated with the direction Kk, the similarity transformation operators are given by [35]

2+ 2
1 u v =
. 0 pky —pk Jo (uky — vkx)
P’ = k 28
= (755 + ks + vk, +522) (28)

o plo—cky) pPlv=cky) p( ¢ _ u2 42
2¢ 2c 2¢ 2 \y=1 ukyx —vky + %7

1_(y—1)(u2+v2) vkyx—uky (y—l)(u2+v2)—2c(ukx+vky) (y—l)(u2+v2)+20(ukx+vky)

2¢2 o 2pc 2pc
y=Du 1p ckx—(y=Du —ckx—(y=1Du

(P_ 1 ) T _ c2 oY pc pc
=D _1p cky—(y—Dv —cky—(y—1v

c2 px oc pc

_ =1 0 y—1 y—1

c2 pc pc

(29)
respectively.
Although the adjoint PDEs cannot be fully diagonalized, one can obtain their characteristic form
by left multiplying Equation (25) through by P” . It leads to the expression

oY N\T o7 OV T o7 Y
PT-= —PTAT (P7!) PT = —PTBT (P7!) PT- = =0 30

at ( ) ax () dy (30)
Here, it may be added that the product (PT8y) defines adjoint Riemann differentials.

Accordingly, on computing the matrix products in Equation (30), one obtains a set of Riemann’s
equations, or characteristics, of the form

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2013;71:1297-1321
DOI: 10.1002/fid



CHARACTERISTICS-BASED ADJOINT BOUNDARY CONDITIONS

N

ad v 9
XKy =LK

@B 5x

+) K

1307

N
Al

1
5, (31)

where N = 4 in the 2D cases and the coefficients K;B, K(fﬂ and Koy(ﬂ are listed in Table I.

Table I. Coefficients.

Coef. Value Coef. Value
K{y 1 K3 p (u+kxc)
Ki, u K%, [pc2k§ +pu +kxc)2]
Kl v K3, —[pc?kxky —p (u +kxc) (v +kyc)]
2.2
Kig f erv ) K34 - [Pczky (kxv —kyu) +
=L u+kxe) (u? +0?) +
2
—pc (u + kxc) (kxu + kyv) - %jlkxc)]
K5, 0 K} o (U —kxc)
Kl pky K3, [pczk§ +pu— kxc)z]
Kl —pkx K, —[pczkxky —p(u—kxc) (v—kyc)]
K5, p (kyu —kxv) K3, [pczky (kxv—kyu) +
+§ (u—kxc) (u2 + v2) +
2y
— pc (u—kxc) (kxu + kyv) + %]
K3, p K7y v
ng p(u+kxc) K{Z uv
KL, p(v+kyc) K{, v2
2 2,2
K%, [)’,’% + pc (kxu + kyv) + K7, v(u ;_U )
+8 (u?+ vz)]
K p K3 —pkx
Kfu p(u—kxc) K%)Z —p (kxu —kyv)
Ky p(v—kyc) K, —2pkxv
2 ko (u? 4302 2ky
K4 [% — pe (kxu + kyv) + K34 [Pkyuv -~ (uz =) p;—kl }
502407 |
Ki u K3 p(v+kye)
K7, u? K;z —[pczkxky —p(u+kxc)(v+kyc)]
KT, uv K§)3 [,oczk)zc +p(v+ kyc)z]
2 2 2
Ky M K3y4 — | pckx (ky“_kxv)_%‘F
—pc (v+kye) (kxu + kyv) +
~ B (0t kye) (2 4%
K3 pky K p(v—kyc)
K3, 2pkyu K3, —[pe2kxky + p (u—kxc) (v—kyc)]
2
K3, —p (kxu —kyv) K}, [pczk%—p(v—kyc) ]
2,2 2 2(p—
K%, - [pkxuv _ oy GuP4) ”;_’?] K3, - [pczkx (kyu —kxv) — %WL

+pc (v—kyc) (kxu + kyv) +

~ 80 —kye) (2417
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1308 M. HAYASHI, M. CEZE AND E. VOLPE

Just as the original equation (25), the set (31) is linear. Only, the coefficients are given by less
familiar algebraic expressions. Different from the former, however, each one of the preceding
equations (o) is intrinsically associated with a specific characteristic velocity, as given by the matrix
A in Equation (27). Ultimately, on choosing the vector k normal to the domain boundaries, those
velocities determine which of the adjoint characteristics enter or leave the flow domain. Therefore,
they are essential to set up the conditions at each boundary.

As was discussed in Section 3.1, the domain incoming characteristics are replaced by boundary
conditions, whereas the outgoing ones feed domain information back to the boundary, thus
completing the Riemann problem. The equations that represent the latter are picked out from (31)
for each case.

Next, the topic is considered at length for each of the boundaries.

4.1. Solid wall

The 2D contour of the body can be specified as a level curve, such as n(x,y) = 0, in a plane
mapping of type (x, y) = (&, n). Alternatively, it can be cast in parametric form as

nmw=0¢>{§z§8 (32)

In the first case, the normal unit vector can be obtained by simply making n = Vn/ || Vn |.
The corresponding expression for the second case may be derived from the first by means of the
relations® ny = —yg/J and ny = xg/J, which are obtained on inverting the operator g to

compute ,’:. As a result, the normal vector becomes

1 1 —
() () () e
Y & +n3 N xXp+yi Ny
in the Cartesian system. The term that multiplies the vector on the RHS can be recognized to be an

element of the metric tensor g;; in transformed space: g1 = xz§ + yzs. In any case, the result yields
a fairly simple expression for the vector covariant components in the transformed plane.

.y 1 0
nzwm:__( ) (34)
/v W

Before proceeding with the derivation, it should be noted that both n and the metric term g;; can
be evaluated at the wall solely on the basis of the parametric representation of the contour.

The wall boundary condition is given by Equation (23). It depends on the specification of a metric
term, namely the area element ratio |dS’/dS|. In parametric form (32), one has dS = d&. Besides,
dS’ and dS are clearly parallel: dS’ || dS. However, the ratio between the two of them comes from

ds’

the arc length element [44,45]
dy)? 2 2
& de=[1+ (dx)Bw xed§ = /xt+yedé = /g d (35)

Hence, the solid wall boundary condition simply becomes

ds’

ds

dSz‘

d
nw+@w=£ﬁm (36)

As was discussed previously, the adjoint solution is computed on the basis of a stationary flow
field. Therefore, by differentiating Equation (36) with respect to time, one obtains

Y2 Vs
k52 4k 52 =0 37)

*A shorthand notation is used here to denote partial derivatives of metric terms ()¢ = d()/9& and (), = d()/9x.
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This expression is used next to simplify the equation of the characteristic that leaves the domain
through the solid wall boundary.

The normal velocity vanishes identically at the wall (kxu + k,v = 0), which implies that the
first two characteristic velocities in Equation (27) are zero. They cannot transfer any Cauchy data
across that boundary. On the other hand, the third and fourth ones become —c and +-c, respectively.
Therefore, the third characteristic leaves the domain, while the fourth one enters it. In view of these
results, the third characteristic equation in (31) should be solved for the adjoint variables at the wall,
whereas the fourth one should be replaced by condition (36). Two DOFs still remain because of the
first and second characteristics. In principle, then, these should be extrapolated from the domain.

On taking the third characteristic from (31) and factoring the zero normal velocity in it, as well
as Equation (37), one obtains a simplified form of the equation that should be solved for the ¥ at
the wall. The equation reads

a(,;/;l-i- a(;/;an %Jrh %_( +kye )al'/;l [2k2+(ck +u)]8w2
— [¢%kky — (ckx +u) (cky +v)](8ﬁ2+%)+
+(u+kxc)%+[c2k§+(cky+v) ]2—1/;%
—{8k(ku—kuy—w+kcwz];4
— [¢*kx (kyu —kxv) — (v + kyc) b Vs (38)

dy

where the symbol %, stands for the specific stagnation enthalpy.

Equations (38) and (36) represent all the Cauchy data that cross the solid wall. Together, they
should form the set of Riemann equations at that boundary. The problem with that set is the presence
of all four adjoint variables in Equation (38). Had the simplified characteristic equation been rid
of Y1 and ¥4, then one would have a closed set to solve for ¥, and ¥3. In that case, ¥y and
¥4 would not be part of the Cauchy problem at the wall, and thus, they would be determined
by numerical extrapolation alone. The situation would then be similar to the corresponding flow
boundary problem.

As it stands, however, the set cannot be solved for the v at the wall. Instead, one must rely on
Equation (36) and an extrapolation scheme. In that regard, the aforementioned Reuther’s [40]
scheme suits our applications very well. It adopts zero-order extrapolations for v¥; and ¥4 and
divides (36) into two conditions between 1/, and 3 so that their sum recovers the original equation.
On representing ghost cells values by ¥, and the corresponding values in domain neighboring cells

by 1//,:r , the equations read
Ui =i
_ . 9
Vi =vi + g (B vEn— kv k)

(39)
_ 2k 3
vy =y + m (%«/gn 2 —ky\llj)
Vi =V
where the condition (36) is met at the wall boundary in terms of the average
vy v Vi +vs) 9

This scheme has been amply verified in the literature and by ourselves [36, 46]. It has shown to
lead to estimates of the sensitivity gradient that are close to those obtained by finite differences,
within reasonable accuracy levels [40]. Therefore, it is fully consistent with what is expected of the
adjoint method.
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4.2. Inflow

At a subsonic inflow boundary, there is only one adjoint characteristic that enters the domain. By
taking n to point inward, it will be the one that is associated with the eigenvalue —(u-n — ¢) in
Equation (27), that is, the fourth PDE in (31). Hence, that equation must be replaced by a boundary
condition, which should come from Equation (24), as a requirement of realizability

=0 (41)

Vo (Agnir) 60,
Beo
Together with the first three PDEs from set (31), this condition forms the Riemann problem at that
boundary. In order to fully specify it, one must first find out which virtual displacements 8@5 are
admissible there.

At a subsonic entrance, the flow boundary conditions require that the velocity direction 6, along
with the stagnation pressure p, and temperature T,, be prescribed. It clearly implies that the
corresponding variations are null: §6 = 8p, = 6T, = 0. In terms of state variables Qg, these
quantities are given by

T, =-2012y0104—(y—1)(03+ 03)]

2yRQ?

Y
_ -D[20104-(03+03)] {1 Lo (93+0)) } N
Po 20 v[20104—(03+03)]

By computing 60, §p, and 87, in terms of the variations §Q g, and by equating them to zero, one
obtains a linear set of three equations. Here, it must be recalled that §Q g and 8@5 are equivalent
with regard to realizability. Then on replacing the former by the latter, one can solve the set for
three of them in terms of the fourth one. Whichever variation is chosen as the independent one, the
resulting expressions will represent the locus of realizability in state space. For instance, on picking
5@1 to be independent, the procedure yields

(42)

1

2 _ 2e(y=Dy
g2y -2y

2e;(y—1)
§2-y+y2 -y
3[2e(y =2y + (v = D2(u? + v?)]

Then, on substituting vector (43) for the corresponding term in Equation (41), one obtains
the equation

8§05 = 80, (43)

_ 2yer (y — 1):| (kxu + kyv) s |:(2—)/ +7?) kxu2+

= B 2
SQI{W‘[Z L Y 2 2

2(1=y +y?) kyuv —(y = D ykev? 2y (y — 1) [2kyuv + kx (u? —v?)]
+ = +
2 2 (u? +v?)

—y (y = Dkyu* + 2kyu?v? + 2 (1 —y 4+ y?) kyx (v +uv?) +
+ 1;[f3 +

2 (u? 4 v?)
2=y + v} kyv* +2ye (v — ) [ky (u? — v?) — 2k uv]
+ +
2 (u? 4+ v?)
-y (kxu +kyo) [(y = D) (u? +0?) [[(2—y +¥?) (0 +v?) = 2ye; (v = D] +
¢ 4(u? +v2)
Gkt ko) 2re (2= y +9) (2499 =2y =] | _
4 (u? 4 v?) B
. (44)
where the ¥, have been collected for clarity.
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CHARACTERISTICS-BASED ADJOINT BOUNDARY CONDITIONS 1311

In the preceding equation, 5@1 is realizable, but it is otherwise arbitrary. Therefore, the only
means for one to drive Equation (44) to zero is to require its coefficient, that is, the term within
braces, to vanish identically. That leads to a single linear equation, which involves all four . It
can be written in a simplified form as

CiY1 + Coyy + C3Y3 + Cahy = 0 (45)

where the coefficients are given by

- kxu+k
S P, P
C, = vk 2(loy 4y )kyuy  (=Dykev? _ 2ver(y=D[2kyuvtke (w2 )]
2 = 2 2 2(u2+v2)
C _ —y—Dkyut+2k,uv? 2(1 1’+y2)kx(u v+uv3)+(2 )/+y2)kvv4+2ye,(y 1)[ky(u _UZ) 2kxuv]
3= 2(u2+v2) 2(u2+v2)
Cs=-— (kxutkyv) [(v=1) (> +v2)—2yer|[(2—y+y?) (u?+v?)—2ye; (y=1)]
o 4(u2+v2)

(46)

Equation (45) is the boundary condition to be imposed on the adjoint variables, and it may also

be seen as a compatibility relation they should meet at the inflow boundary. Here again, because the

adjoint problem is based on a stationary flow solution, the coefficients in (46) are independent of

time. Therefore, Equation (45) remains valid when the v, are differentiated with respect to time.

Then, on joining it with the first three characteristic equations from (31), one obtains the complete
linear set for the corresponding Riemann problem.

oy oy oy 0 _
K S+ K52 + K52 + KL, 52 =Ry

11 97 1379z
t 0y t 0y t oY oYy _
Kzla_z1 + Kzza_z2 + K23a_z3 + K§4 314 Ry (47)
oy L Y- s _
Kgl az] + ng at2 + K§33_z3 + K§4 8t4 R3

(S IR L SN N I AN S

where the spacial derivatives from the RHS of (31) have all been collected up in the R, terms. The
resulting set is amenable to numerical integration by explicit time stepping.

With regard to the discussion on boundary conditions, back in Section 3.1, it is worth noting
that, for each one of the three DOFs that are constrained in the flow problem, a corresponding DOF
is preserved in the adjoint problem. That symmetry agrees exactly with the balance between the
domain incoming and outgoing characteristics for both problems.

4.3. Outflow

In the case of an outflow boundary, the adjoint problem has three domain incoming characteristics.
They are the ones that correspond to the first two and the fourth eigenvalues in (27), and their
equations in (31) must be replaced by boundary conditions. Hence, it is only the characteristic
associated with —(u - m 4+ ¢) that needs actually be solved.

Three boundary conditions are required from Equation (24), or from (41) for that matter. Just
as in the previous case, these conditions should come as a result of realizability constraints
that are imposed on 8@0[. In the applications of interest here, the static pressure is the only
quantity that is fixed at an outflow boundary. On casting it in terms of the state variables,
it yields

(03 + 03)
=(y-1 [0 - 2= (48)
20,
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By computing its first variation and setting it at zero (p = 0), and on recalling that, as far as
realizability is concerned, § Q, < §Q, one obtains

(u? 4+ v?)

80, =u8Q,+v805 — T(S@l (49)

which preserves three DOFs: §Q,80, and § 0 5.
Equation (49) represents the locus of realizable variations for the outflow boundary. Again, on
substituting it for the corresponding variations in Equation (41), it leads to

(kxu + kyU)

80, {(kxu + kyv) (—uyr —vy3) + 3

V4 [(y -2) (u2 + vz) — 2ye,]} +

+ 5@2{1% (V1 +o¥3) + Yo (u + kxu + kyv) +

—1 kx 2 2
+ Yy [kxyet—l—u(kxu—i—kyv)—i— =1 2(u Rl )}}—i— (50)

+ 863{1@ (V1 4+ uvn) + ¥s (v + kyu + kyv) +

(y — )k, (u2+vz):|} o

+ Y4 |:kyyet + v (kxu + kyv) — 3

Naturally, the §Q,,8Q, and §Q are arbitrary, albeit realizable. Therefore, the only means of
driving Equation (50) to zero is to require their coefficients to vanish identically. That leads to three
boundary conditions, involving all four ¥,. They can be written in a simplified form as

¥ =%[2e,y—(7/—1) (u2+v2)]w4 =C1Y4
| —2erykx+H(y—2kxu2—2kyuv+ykyv? o
V2= [ 2(kxu+kyv) i| Va=Caty (51)

_ | —2ervky +(y—2)kyv2 2k uv+ykyu? _
V3= [ 2(knu+ky0) V4= C3Y4

Just as in the previous case, all of the previous coefficients are based on a steady flow solution,
and thus, they are independent of time. As a result, these equations still hold when the v, are
differentiated with respect to time.

The complete set for the Riemann problem at the outflow boundary is then obtained by assembling
(51) with the equation of the third characteristic from (31)
oy Y.

o G 0

oy v —

o~ Gt =0
0

L = (52)

3
9
(ﬁ¥1 K35Cp + K§4) = Rs

Similar to the previous case, the spacial derivatives in the RHS of the third equation from (31) have
been collected up in the R3 term. The resulting set is also amenable to numerical integration by
explicit time stepping.

With respect to the relation between the flow and adjoint boundary conditions, from Section 3.1,
the situation here is similar to the previous case too, for a single DOF is constrained in the flow
problem and a single DOF is preserved in the adjoint. Here again, the symmetry agrees exactly with
the balance between the domain incoming and outgoing characteristics for both problems.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2013;71:1297-1321
DOI: 10.1002/fid



CHARACTERISTICS-BASED ADJOINT BOUNDARY CONDITIONS 1313

5. ON COMPARING THE TWO APPROACHES

A comparison between the previous treatment of the boundary problem and that by Giles and
Pierce [31] would be instructive. In the cases of solid walls and of permeable boundaries in super-
sonic flow, both approaches lead to the same expressions. However, the differences are rather
significant for permeable boundaries in subsonic flow. For them, a comparison is drawn on the basis
of the linearized form of the boundary conditions, Equations (43), (45), (49) and (51). To derive
the corresponding expressions from those authors’ work, we present a brief account of the relevant
material—the reader is referred to the original paper [31] for further details.

In their approach, the linearized flow equations and the objective functional, which constitute the
so-called primal problem, are cast in the form

= es0), - (),
LSQ= f in D (53)
BSQ =¢ on 0D

where the terms in parentheses in the first equation represent inner products—the first one is an
integral over the flow domain and the second an integral over its boundary. The symbols L and
B stand for linearized operators of the flow equations and boundary conditions, respectively. The
adjoint or dual problem, in turn, is then given by

I =(¥, f)p +(C*V,e)yp
L*¢ =g in D (54)
B*W =/ on dD

here, the symbols L* and B* represent the adjoint equations and their boundary conditions,
respectively.

The equivalence between the two forms of the variation §/ hinges upon a decomposition of
the bilinear concomitant from Equation (14). To be more specific, it only concerns the physical
part of the flux variation in Equation (13), which is then written in terms of the flux Jacobian
matrix associated with the normal direction to dD, as it appears in Equation (24). The proposed
decomposition is as follows:

/\pT [A—(B*)TC+ (C*)TB] §QdS =0 (55)
aD
Because §Q is arbitrary, the nullity of the integral can only be ensured by driving the expression

within square brackets to zero. That, in turn, can be achieved by defining the matrix operators T and
T* and by computing their product in the form

— B . * -C* _ «\ T
T=(E) ; T_(B*) = A=(™)'T (56)

These matrix operators can also be cast in terms of characteristic (Riemann) variables by means of
the same similarity transformation that diagonalizes A

T, =TP T _( B, o [ —CE
T:TZP—IT*T } = A— (TC) Tc = Tc — ( Cc ) ) TC —( B: (57)

The preceding procedure puts the boundary operators themselves in terms of characteristic
variables through B, and B, which is precisely the way they are presented in [31]. Hence, one
can make use of the inverse similarity transformation to recover the corresponding conservative
forms. That is carried out as follows for the purpose of comparing linearized boundary conditions.
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5.1. Inflow

At a subsonic inflow boundary, the boundary operators of the primal problem are given by [31] in
terms of characteristic variables:

01 00 010 0
B.=| 0 0 1 0 001 0
0 0 0 1 T = 00 0 1 (58)
C.=(1 00 0) 1000
The inverse similarity transformation leads to
kxv—kyu ky _kx
2 o o 0
(y—1uu—2ck-u ckx—(y—Du cky—(y—Dv =1
_ 2¢cp cp cp cp
T= (y—Duwu+2cku _ (y—Du+ckx _ (y=Dv+ky =1 (59)
2¢cp cp cp cp
2¢2—(y—1Duu (y—Du (y—Dv ()]
2¢2 c2 c2 c2
which gives rise to the corresponding variational form of the inflow boundary conditions
_ u-unNT __
SQﬂ;»(Lu,v,T) 50, (60)

on the basis of the definition of T, from Equation (56). The preceding expression is quite distinct
from Equation (43). Even though it is also simpler, it cannot be said to be the variational counterpart
to fixed values of 6, P, and T,, as is the case of the latter. It must then be associated with a different
set of boundary conditions.

On the other hand, the adjoint boundary operators are also given in characteristic form by [31]

0 A 0 0 0 -4 O 0
0 0 A; O C:=| 0 0 —-i3 O
=10 0o 0 a 0 0 0 A4 61)

At 00 0 B=(A 0 0 0)

Whence, the inverse similarity transformation yields the matrix

0 kypk-u —kyxpk-u p (kyu —kxv)k-u
k- (ckx+u)k- p(cky+v)ku K- i
S e ot (Gl + 52 +k-u) ©2)
N plku—c)  p(u—cky)(ku—c) p(U—Cky)(k'll—C) o(k-u—c) ( ¢ Luu_p. ll)
¢ 2¢ 2¢ 2 \o-D 7" 2
ct+k-u  u(k-u+tc) v(k-u+c) Geutcjuu
and the definition of T*, in Equation (56), leads to the following adjoint boundary condition
u-u
W1+MW2+UW3+T§04=O (63)

The preceding expression is, again, quite different from Equations (45)—(46), and it is much simpler,
indeed. However, it is strictly associated with the linearized (60) and its corresponding flow
boundary condition. Hence, it also differs from the former equations, in that it is not connected
with the physical conditions from (42)—(43).
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5.2. Outflow

At a subsonic outflow boundary, the boundary operators of the primal problem are given, in terms
of characteristic variables, by [31]

ce=(0 00 1) 00 0 1
1 0 0 O 1 0 0 0
T. = 64
Cc=| 0100 ¢ 0100 (e
001 0 0 01 0
and the inverse similarity transformation yields the matrix operator
(y—Duwut2cku _ (y—Dutkcc _ (y=Dv+kyc  (y—1)
2¢cp cp cp cp
202—(7;1)u-u (J/—zl)u (y—zl)v _(y—zl)
_ 2¢ c c c
T= (kxv—kyu) ky kx 0 (65)
o o o
(y—1Duu—2cku kxc—(y—Du kyc—(y—1v =1
2¢cp cp cp cp

which, in turn, leads to a single outflow boundary condition

— ck-u  u-u) — cky — ck, ) —
== (Gon + 55 ) 5+ (o ) @t (25 +0) 8
Surprisingly, the preceding expression is not entirely dissimilar to Equation (49), although it does
have extra terms for its coefficients. In any case, the same remark that was made regarding (60) is in
order here. That is, owing to its differences, Equation (66) must be associated with flow boundary
conditions other than the fixed pressure from Equation (48).

The adjoint outflow boundary conditions, in turn, are given in characteristic form by [31]

0 0 0 A A0 0 0

X A1 0 0 0 Bi=| 0 A, 0 0
T = 0 A, 0 0 0 0 Az O (67)

0 0 A3 0 Ci=(0 0 0 —Ay)

which leads to the corresponding operator T*,

pku—c)  pu—cky)(ku—c) P(U—Cky)(k'll—c) p(k-u—c) .
G- T2 _k'“)

2c 2¢ 2c¢ 2
. c+k-u u(c+k-u v(c+k-u) %u-u(c+k-u)
T = 68
0 kypk-u —kyxpk-u p (kyu —kxv)k-u (68)
k- (ck x +u)k- p(ck +v)k-u K- .
,02_C“ £ 2cu - yZC p_u<(yil)+%+k'u>

and the adjoint boundary conditions:

vi= (% + %) v
V2 =— (g +u) v (69)
Y3 =— (% + v) Yy

As expected, the preceding set differs considerably from Equation (51). Besides, it is strictly
associated with its linearized counterpart (66) and the corresponding flow boundary condition.
Hence, it is not connected with Equation (48).
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5.3. Adjoint gradient

The original expression for the adjoint gradient in reduced form comes from Equation (19), and it
amounts to the last two surface integrals,

/

o= [ i+ g e+ [ o[22

+p [Yar1yd (JBY) nz]} d§ (70)

Bw w

The covariant component n, of the normal vector in transformed space is given in Equation (34),

whereas the metric variation terms can be easily derived from Equation (35), with the aid of

the aforementioned inversion relations n, = —yg/J and n, = xg/J, and on recalling that
2 2

gll _-x’g +y,lg"

8(Jﬂ5)nz==:7%ff{3(Jnx), §(Jny)} = (=6 (ve) - 8(xe)} (1)

J
V811

ds’ X8 (xg) + .68 (vg)
5 =38 (y2n) = — 2
'd$ ( gll) e (72)

From Equation (35), one can also obtain the relation dé§ = dS’/./g11. Then, on substituting
these results for their counterparts in Equation (70), it yields the final form of the sensitivity
gradient integral:

o= / (Ve s +vap+gxe) 8 (xe) = (Va st +v2p—gv) 8 (ve) ] 3181/ +
By
[ ve(sea—restn)a0ii 73)
By,

All of the metric terms in Equation (73) can be evaluated on the contour of the body solely on the
basis of its parametric representation (32). Therefore, it proves the point that was made at the end
of Section 3.1 to the effect that the adjoint and the optimization problems can both be solved in the
physical space entirely. The mapping has fulfilled its objective in the derivation, making it simpler,
and it may be dispensed with then. Under these conditions, one may simply make use of Cartesian
coordinates and unstructured meshes, thus affording greater flexibility with regard to geometries.
This is the approach that has been adopted in the reminder of the paper.

6. RESULTS

In order to validate the previous treatment of adjoint boundary conditions, it would be instructive
to pursue a two-steps procedure. First, the idea is to check whether it leads to correct results in
a complete application. It may well be an inverse design application, where the target geometry
is known beforehand, as it was carried out in a previous paper [38]. Then, one ought to compare
adjoint solutions that this treatment yields to those that are obtained under homogeneous boundary
conditions at the far field. An usual definition of objective functional for inverse design applications
is given by the mean square error of the actual pressure distribution p with respect to a target
distribution pg,

1
1=5 [ o-pa?as (74)
By

The target pressure distribution pg; in the validation test has been obtained from the flow solution
around a known geometry on making use of the same flow solver and geometry representation.
The procedure ensures that not only is the target realizable but it is also attainable within the
current framework.
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Flow and adjoint solutions alike were computed on unstructured meshes with triangular elements.
The far-field boundary is placed over 50 chord lengths away from the airfoil surface. All
geometries have been represented by the class-shape function transformation parameterization
[47, 48]. Numerical simulations for the adjoint and flow equations have been run with a cell-
centered finite volume method by using the second-order five-step Runge—Kutta time-stepping
scheme [49].

For simplicity, the steepest descent method was adopted as the optimization procedure. The
inverse design loop consists of the following sequence: mesh generation for a given geometry,
flow simulation, adjoint solution, evaluation of sensitivity gradient and gradient-based changes to
geometry. The cycles are repeated until a local extremum of (74) is reached within a prescribed
accuracy level.

A test case is presented next, where the initial geometry is a RAE 2822 at My, = 0.75 and an
angle of attack of @ = 0°. The target p; corresponds to that of a NACA 0012 under the same flow
conditions. Figure 1 shows the initial and final geometries with corresponding pressure distributions.

As the previous results show, the characteristics-based boundary conditions work properly, for
the target geometry has been successfully recovered in the process: the differences between them
remain below 3.5 x 1073, As was discussed previously, the sensitivity gradient computation here
makes use of the reduced expression from Equation (73). Therefore, it only requires the adjoint
solution on the airfoil contour. Figures 2 and 3 depict these solutions, as they appear at the end of
the first cycle, for the upper and lower sides of the airfoil, respectively. The right side of each fig-
ure shows characteristics-based results, whereas the left side depicts results from the homogeneous
boundary conditions in each case.

0.08
0.06
0.04
0.02

= 0

-0.02
~0.04 |-\

-0.06

-1.5

-0.08

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
z/c z/c

Figure 1. Mach 0.75 and o = 0°. Left, geometries. Right, C,,. Red dash lines, original curves; green dotted
lines, final results; blue solid lines, target profiles; black dash—dot, C .
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x/c z/c

Figure 2. Airfoil upper side adjoint solution. Left, homogeneous boundary conditions. Right,
characteristics-based boundary conditions. Red solid line, v ; black dashed line, ¥»; blue dotted line, 3;
green dash—dot, V4.

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2013;71:1297-1321
DOI: 10.1002/fld



1318 M. HAYASHI, M. CEZE AND E. VOLPE
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Figure 3. Airfoil lower side adjoint solution. Left, homogeneous boundary conditions. Right, characteristics-
based boundary conditions. Red solid line, i1; black dashed line, ¥»; blue dotted line, ¥3; green
dash—dot, V4.

The solutions have essentially the same character over the whole airfoil contour. They even share
the same discontinuity at the trailing edge. However, there is a small, yet significant, difference
between them. In all points other than in the immediate neighborhood of the singularity, the differ-
ence remains below 8 x 1073, That value is higher than the maximum residue of the adjoint solutions
(7 x 107°), hence its significance. On the other hand, that value is apparently too small to cause any
noticeable differences between the two approaches in the estimates of the sensitivity gradient. In
any case, the evidence suggests that further tests be devised to ascertain the influence the distance
from the far-field boundary has on the adjoint solution at the contour.

Quite a different outcome is obtained for internal flows, where one does not usually have the
freedom to choose the position of permeable boundaries at will. In most cases, the proximity of those
boundaries makes the full characteristics approach a necessity. In order to illustrate the problem,
we have computed adjoint solutions for an internal flow case by imposing homogenous and full
characteristics conditions on the inflow and outflow boundaries. The same objective functional (74)
was used, but the sole purpose was to solve the adjoint equations. After all, the reduced gradient
form would not suit this case.

The set-up for the test is presented in Figure 4. The left side depicts initial and target geometries,
while the respective C), distributions are shown on the right side—the latter are based on the nozzle
length. Figure 5 presents the adjoint solutions at the nozzle surface. The results for homogeneous
boundary conditions are on the left side, whereas those on the right side represent the full
characteristics approach.

0.36 ————————————————— 25
0.34 oo
0.32
0.3
0.28
0.26
0.24
0.22
0.2
0.18

0 01 02 03 04 05 0.6 07 08 09 1
€T T

0 01 02 03 04 05 06 07 08 09 1

Figure 4. Mach 0.7. Left, geometries. Right, C,. Red dashed line, original curves; blue solid line, target
profiles; black dash-dot, C ; .
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Figure 5. Left, homogeneous boundary conditions. Right, characteristics-based boundary conditions. Red
solid line, v1; black dashed line, ¥/>; blue dotted line, V/3; green dash—dot, 4.

As can be seen, the differences between the solutions are quite significant, even in terms of general
character. Moreover, the homogenous conditions have led to discontinuities at the boundaries, which
could only be negotiated by the solver at the cost of a substantial increase in artificial dissipation.

7. CONCLUSIONS

The primary purpose of this work has been to investigate the adjoint boundary problem on the basis
of its similarity to the corresponding flow problem. The idea was to make use of that similarity
and of the particular form of the bilinear concomitant to ensure the well-posedness of the adjoint
equations. To that end, two aspects of the problem have been considered at length:

First, both Euler and their adjoint equations are hyperbolic, and their characteristic velocities
have the same magnitudes but opposite signs. These properties lend the primal and dual Riemann
problems a complementary character, which has been thoroughly investigated by Giles and Pierce
in their seminal work on the topic. In fact, that complementarity is what enables one to make the
adjoint equations well posed while also eliminating all physical variations from the augmented
variational problem.

The second aspect specifically concerns the bilinear concomitant. It is well known that its particu-
lar form can be seen as an inner product between physical variations and adjoint variables, which is
computed at the boundaries of the flow domain. The proposed approach combines this interpretation
with the idea that flow boundary conditions constrain physical variations to a locus of realizability
in state space. Hence, the need to drive the bilinear concomitant to zero is tantamount to requiring
that the vector of adjoint variables be orthogonal to all realizable variations. The rationale behind
the procedure is analogous to the principle of virtual work in that, as a constraint force, the adjoint
vector must be normal to all feasible displacements of the system. The expressions this procedure
yields have been termed compatibility conditions.

The algebra has been shown to yield a balance between the compatibility conditions and the
corresponding number of domain incoming characteristics. Therefore, one is able to put together
a complete set of adjoint Riemann equations for each permeable boundary. The end result is a set
of boundary conditions that is entirely similar to those that render the Euler equations well posed.
The solid wall is the sole exception, because it entails only one domain incoming characteristic for
each problem, flow and adjoint. As Giles and Pierce point out, the flux Jacobian matrix associated
with the normal direction to the wall becomes singular. Hence, the adjoint Riemann set becomes
indeterminate, and one must rely on the numerical extrapolation schemes.

A series of validation tests was devised to verify the proposed approach. For external flows,
the results show good agreement with the conventional homogeneous far-field conditions for the
adjoint problem. Nonetheless, there are small, yet apparently significant, differences between the
two. Further tests are required to ascertain the influence the position of the far-field boundary
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exerts on the overall solution. As for internal flows, test results have shown the full-characteristics
conditions to yield smooth solutions in the neighborhood of permeable boundaries, as opposed to
the discontinuities that result from the homogeneous ones. That piece of evidence, along with an
analogy with the flow physics, seems to indicate that the latter treatment of the boundary problem
is inappropriate.

Given its central role in the theory, it should be stressed that the bilinear concomitant effectively
connects flow and adjoint boundary problems. As the name implies, it consists of bilinear products
between physical variations and adjoint variables, where the former are constrained by flow physics.
Hence, the need to drive it to zero, while preserving well-posedness, does limit the possibilities of
boundary conditions one can impose on the adjoint equations. The connection also implies that there
must be a precise correspondence between flow and adjoint solutions in terms of the boundary con-
ditions they meet, for that is the only means of ensuring that the bilinear concomitant vanishes for
arbitrary physical variations.

The only exception to the rule seems to be the imposition of homogeneous adjoint boundary
conditions at the far field, for obvious reasons. Although they may represent an over-specification on
purely mathematical grounds, they are often a perfectly valid approximation to the characteristics-
based formulation. Such appears to be the case with so many applications in external flows, where
that boundary is suitably placed far enough from the body as to ensure all flow-field perturbations
die away before they ever reach it.
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